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SUMMARY

OVER

of theeffeetofleading-edgethicknessontheflow
squareandcylindricalblumbingwasconductedat a

Machnumberof 4 andfree-streamReynoldsnumbersperinchof2*O and
6600. Surfacepressuresweremeasuredon a seriesofmodelswhoseleading-
edgethicknessesrsagedfrom0.25to 1 inch.Heat-transferrateswere
measuredfroma flatplatewhichwasbluntedby a l-inch-dismetercylin-
dricalleadingedge. AH testswereperfomnedwiththeinstrumented
surfacesat zeroangleof sweepandzeroangleof attack.

n
-- Forthetestconditions,thelmwshockwavewasdetachedandleading-

edgeshapehadno effecton surfacepressuresaftof twoleading-edge
w thicknesses.Thesurfacepressurescouldbe predictedby a combination

of shock-wavelxmnda~-layerinteractiontheoryandblastwavetheory.
Thiscombinationappliedeqqal.lywellto similardataof otherinvestiga-
tions● An empirical.expressionforlocalReynoldsnumberattheboundary-
layeredgewasfoundto correlateboththepresemtdataanddatafrom
otherinvestigationscoveringa widerangeof conditions.Thelocal
Re~oldsnumberperinchwasfoundtobe lowerthanfree-stresmReynolds
numberperinch,nearlyconstantforthetestlength,sndtohavenegli-
gibledependenceonleading-edgebluntness.Thisreductiondependson
thesqparerootoftheratioof totslpressuresacrossthenormalbow
shockwave.

ThelocalNusseltnumberwasfoundto dependonlyon thelocal
Reynoldsnumberforthepresenttests,andispredictedby thefsmi13ar
Pohlhausenflat-platetheory.As compsredto thesharpcondition,blunt-
ingtheleadingedgeof flatplates,withconsequentreductionof local
totalpressure,wasfoundto increasetheheat-tr=sfercoefficientsin
theregionwheresurfacestaticpressureswerehighandto reducethe
coefficients.wherethesurfacestaticpressuresapproachedthefree-stream
value..
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INTRODUCTION A

Thepresenceoftheboundarylayeron a bodyeffectivelychangesbody -
shape.Theeffecton a slenderbodymaybe sufficientlylargeto~roduce
a measurablestrengtheningor evendetaclmeritofthebowshockwaveat
supersonicspeeds.Also,as speedisincreased,interactionsoccurbetween
theboundarylayerand.theshockwave,becauletheshockwave“wrapsw
closelybackoverthebody. Thesetwophenomena,shockstrengthening
and%rap@ng” effect,chengetheflowfieldfromthatoccurringinthe
usuallowsupersonicspeed,highReynoldsntiberlaminarflowovera
plate.

A theoreticalstudyofthehypersonicviscousflowovera sharp-
nosedplate(ref.1)broughtouta parsmetertodescribephenomenaoccur-
ringintheregionof “weakr’interactionbetweentheboundarylayerand
theleading-edgeshockwave. ThisinteractionTarsmeterisa special
combinationoftheusualflowparameters,ReynoldsnumberandMachnum-
ber. Theregionof stronginteraction,neartheleadingedge,wasinves-
tigatedtheoreticallyinreference2 wherethissameinteractionparameter
wasused. Correlationof surfacestaticpressuresmeasuredon flatplates
withsqyareleadingedgesinhypersonicflowwasobtatiedinreference3
ustigthisinteractionparaueter,butthemagnitudeofthepressureswas
greaterthsmthatpredictedby thetheoriesofreferences1 and2. The *
discrepancybetweenthetheoryandexperimentwasascribedinreference3 .--
to leading-edgebluntnesseffects.Also,highstaticpressuresmeasured —
byKendall(ref.4)on a flatplatewitha verysharpleadingedgewere y

correlatedby theinteractionparemeterbutnotsatisfactorilypredicted
by theinteractiontheoriesofreferences1 end2.

Inreference5, Hsmnitt,Vas,sndIbgdonoffforme@enempirical
relationto explaintheleading-edgethicknesscontributionto thesurface
pressuresmeasuredon a seriesofbluntedflatylates.A linearcombina-
tionoftheviscousinteractionparameterandan empirical“inviscid’i
parameterwaspostulated.Theyobtainedfaircorrelationoftheirown
testsusingthisempiricalrelation;however,theywereunabletopredict
theresultsoftheexpertientsdescribedby Bertrsminreference6.

Morerecently,blastwavetheoryhasbeenapplied.totheinviscid
problemby Lees(refs.7 and8) toobtaina functionalrelationforthe
inviscidpressureterm. ChengsndPall.one(ref.9), followingsimilar
linesofreasoning,obtainedau inviscidpressuretermsimilartothat
ofLees. Bothdifferfromtheempiricalrelationofreference~.

Lees,reference10,analyzedtheInfluenceoftheleading-edgeshock
wave(frombluntandsharpleadingedges)ontheMninarboundarylayer ●

athypersonicspeeds.Forsharpleadingedgeshe showedtheeffectsof
a highlycurvedattachedleading-edgeshocktobe carriedbackovera
largeportionofthesurfaceandto altera~reciablythetemperatureand .

vorticityattheouteredgeofthebound~ layer.By’consideringdetached
shocksfora bluntleadingedge,Leespredictedthechangeof induced
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● pressurewithinteractionparameterasmeasuredby HsmmittandBq@onoff
anddescribedinreference3. However,themagnitudeofthepressure
wasnotpredicted.d

The~~ose oftheresearchdescribedinthis2aperwasto study
theaerodynamicsndheat-trsnsferprocessesoccurringoverthesurface
aftoftheleadingedgeof flatplateswithdetachedshockwaves.It
washopedthattheresultsobtainedwiththelow-densitytestconditions,
whichprovidean aerodynamicmagnificationof theleading-edgeregion,
wouldclarifytheeffectof sizeandshapeof leadingedgeonthe
fundamentalprocessesoccurringthere.

Experimentalpressure-distributionandheat-transferdatawere
obtainedfrombluntedflatplatesin a rarefiedgasstreem.Theresults
arecomparedwiththeresultsofvariousothers5milarinvestigations.
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exponentdefinedin equation(8)

constsatdefinedin equation(kb)

boundazylayer

factordefinedtiequation(>)

specificheatat constantpressure,

constsntin lhear relationbetween

constantdefinedineqpation(~)

Btu/lb,‘F

viscosityand

dragcoefficientbasedon frontalarea

diameteror thicbess,ft

heat-trsnsfercoefficient,Btu/ft=,hr,%

blastwavepressureterm,
%2

(x/d)2’=

miifiedBesselfunction,zeroorder,firstkind

thermalconductivity,Btu~, ft=jOF/ft

filmthermslconductivity,Btu@r,f%=,OF/ft

constantdefinedby equation(8)

temperature
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modifiedBesselfunction,zeroorder,secondkind

Machnumber,_dimensionless

nmber ofmolecules

Nusseltnumber$~,

pressure,lb/sqft

perunitvolume, l/cu ft

dimensionlesss

Prandtlnumber,
3600~~

k}

heatflow,Btu/hr

di.mensionless

outerradiusof annularspace

radiusatminimumtemperature

radiusofpointon film,ft

Reynoldsnumber,

Reynoldsnumber,

areadefinedby

aroundheat-trsmferelement,ft

-pointonfilm,ft

Emw,&hnensionlessi,tJ@J

=, dimensionless
P

rp,sqft

filmthiclmess,ft

temperature,OR

temperatureoftest-sectionsurfaces,OR

velocityin x direction,ft/sec

mostpobablemolecularspeed,ft/sec

coordinatelength,ft (seefig.3)

coordinatelength,ft (seefig.3)

empirical.constants

ratioof specificheats,dimensionless

boundary-l~erthichess,ft

parameterdefinedin equation(B9)

D

.
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emiB13iTity,

5

dimensionless

Boltzmamlconstant,7.28x10-27,Btu@olecule,%

viscosity,lb/seeft

dasity,l.b/cuft

Stefen-Boltzmsmnconstant,1.73x10‘s, Btu/ft2 &, %4

M&a
interactionparsmeter,—

K

exponentofviscosity-temperaturelawdefinedinequation(B4)

Subscripts

blunt

characteristicdtiensionforquantityinvolved

heat-transferelementquantity

sharp

total

total

total

local

qusntityinfreestreamaheadof alldisturbances

quantitybehind

qusntitybehind

totalquantity

bodysurfacequantity

characteristicleagbh

leading-edgenormalshuckwave

probenormalshockwave

forquantityinvolved

“effective”recoverycondition

qusatityevaluat~at free-stresmconditionaheadofalldisturb-
ances

Superscript

( )’ Tf method
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DESCRIPTIONOFEQUIPMENTANDTESTMETHOD

WindTunnel

.

.

ThetestswereconductedintheAmes8-tichlow-densitywindtunnel.
Thiswindtunnelisanopen-jetnonreturntypetunnel.Airwasusedas
thetestgas. The8-inchturmelis a scaleduyversionofthelow-density
windtunneldescribedinreference11. A five-stagesetof steemejectors
isusedtoproducethemainflow.Theexisymmetricnozzlewasdesigned
by themethoddescribedinreference1.2.Thenozzlewasconstructedof
shimstockofvaryingthickness@ alternateshimswereremovedtoper-
mitboundary-layerremovalasdescribedinreferefice13. ThedesignMach
numberwas4 throughthestresm-staticpressuyersmgeof100to 300microns
ofmercuryabsolute.Theboundarylayerisremovedby steamejectorB
oyerati.nginparallelwiththemaindriveset. Thephysicalarrangement
ofthenozzleendtestsectionis showninfigure1.

@act pressuresurveysindicatedthatno strongshockwaveswere
presentinthenozzleandjetwhentheexpansionratioacrossitwas
proyerlysetandcontro~ed.Additionalsurveysweremadeina plsne
normaltothestreamdirection1-1/4inchesdownstreamofthenozzleexit.
Thestaticpressureofthestresmwasobtainedbymeasuringthenozzle
wallpressureat a yoint2 inchesupstreamoftheexitplaneofthenoz- ●-
zle. Thismethodofobtdningstreamstaticpressurehasbeendescribed
inreference120 P“

A typicalMachnumberdistributionobtainedfromthesemeasured
quantitiesisshowninfigure2. TheMachnmber wascalculatedintwo
ways,(1)frommeasured@act pressureand-static(walltap)pressure
togetherwithRayleighfspitotformula(circularsymbcls),and(2)from
measuredImpactpressureandupstreemreservoirpressure(totalhead)
usingtheasswwptionsthattheflowthroughthenozzlewasisentropicand
thattheprobeproduceda normalshockwave(sqyaresymbols).Goodagree-
mentwasobtainedbetweenthetwomethodsofobtainingMachnumberover
therangeofpressurelevelsusedintheinvestigation.Therefore,the
assumptionthattheflowthroughthenozzlewasisentropicappearstobe
reasonable.

TableI presentstheactualusablestreamdiameterandMachnumber
fortwotest-sectionstaticpressures.

PressureModels

.

Fourpressuremodelsweretested.Threetwo-dimensionalwedges
of sototalincludedenglewereinstrumented.formeasurementof surface
pressures.Theleadingedgeswerecylindricalof1, 1/2,@ 1/4inch w
diameter.A l-inch-thickslabwitha squareleadingedgewassimilarly
instrumented.Themodelsweresufficientl.ywide(6in.)to spanthe —



NACATN 4142 7

usablestreamcompletely.Thelengthofafterbodyfromshoulder~oint
(tangentpoint)was5 inches.Pressureorifices,l/32-inchdiameter,
wereinstalledh theupyersurfaceat intervallxof l/16to 1/2inch
alongthemidspanplane.Thespacingwassmallestnearthelesdingedge.
An orificewasinstalledat thenoseof eachbodyon theaxisof symmetry.

Thesurfaceorifices wereconnectedto a pressuremanifoldby stain-
lesssteeltubes.A pressureswitchwasusedto selectandconnectmy
desiredorificeto thepressure-sensingdevice.Anoilmanometerwas
usedtomeasuretheorificepressures.Themanometerfluidwasdiffusion
pmp oilwhichhadbeenwelloutgassed.

Surveysweremadeintheflowfieldadjacentto thetidywithan
@act tube.Thettieendwasflattenedto an over-sllheightof
abut 0.030inchtominimizedisturbancesinthe y direction.The
pressuresfromthisprobewerelikewisemeasuredwithan oil-filled
U-tubemanometer.

Eeat-TransferModel

Theheat-transfermdel, figure3, wassimilar in shapetothe
cylindrical.nosedpressuredistributionmodelsdescribedalmve.The
modelwasconstructedof copperwitha Ieadtig-edgediameterof 1 inch.
Themodelwas5 inchesinMngth fromtheshouldertothebase. Itwas
6 incheswide. Cylindricalheatersinstalledinthebody,oneon each
side,wereusedtomaintainthedesiredmodeltemperature.

Atvariouslocationsalongthemodellength,heat-transferelements,
hereaftercalledheatplugs,wereinstalledas seenb figure3. The
heatplugisa cop~erspool,l/8-inchdiameterandl/8-inchlong,inserted
ina holeinthemodelshelJwitha I/64-inchairgapbetweentheplug
smdthebody. Thespoolis supportedby a W&elitestem.Thesurface
oftheplugwasmachinedto thecontouroftheplate.An electrical
heatingcoilwaswoundontheplugto supplyheatto theplug. A differ-
ential.thernmcoupleindicatedthetemperaturedifferencebetweentheplug
andthemodelbody. Thermocouplesweremountedinthebodyneartheheat
plugto indicatetanyeratureofthebody.

A 0.003-inch-thickplasticfilmwas@aced over”thesurfaceofthe
modelto sealthegaybetweentheplugandthebodyfromtheairstrem.
Theairgapwasthenventedto thehollowportioninsidethemodeland
thenceto constantstaticpressureof thetestchamber.Thus,theheat
lossdueto conductiont~oughtheairgapwasminimizedbecauseofthe
presenceof a qyiescentlayeroflow-pressureairaroundthetestplug.
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TestMethod %

was
Theheat-transferratefromthesurfaceoftheplugtotheairstream .
determinedasa functionof theplugtemperature.A testpointwas

obtainedbyheatingthemodelandthetestplugto theseineuniformtem-
perature,endmeasuringtheplugheatercurrefitforthissteady-state
condition.

A seriesoftestsweremade,withno airflowthroughthetunnel,
atpressuresof ay~roximately0.1micronofmelwuryabsoluteandof100
to 300microns,toobtaintheradiationandconductionheatlosses.The
variationofthesmuoftheselosseswithpressurewaswithinthescatter
ofthedata.Thistotallosswasthentreatedas a taretobe subtracted
fromthegrossheatinputtotheplugobtainedh eachtestwithairflow,
Themagnitudeofthetarewasapproximately10percentofthetotalheat
inputatthehighestrateandabout60percer$tofthetotalheatinput
atthelowestrate.Thelowestheatrateoccurredneartherearof the
plateattheloweststreampressure.

Ata givenflowcondition,netheatinputto theplugwasobtained
ata seriesofplugtemperaturelevelsringing20°to ~“ F abavestagna-
tiontemperature.Thenetheatflowtothephig,whichistheheatflow
to thestream,wasdividedby theheat-transferareaandplottedasa
functionofthedifferencebetweentheplugtemperaturead thestagnation
temperatureofthestream.Theslopeofthi=curveisproportionalto
theheat-trsnsfercoefficient.Theheat-transferareawastakenas
slightlylargerthantheplugareaasexpl&i-e-dinAppendixA. l&trapo-
lationof thecurveto zeroheattransported-givesan interceptwhichis
thedifferencebetweenan ‘effectiveflrecoverytemperaturefora uniform
temperaturebodysndstagnationtemperature.A typicaltestcurveis
showninfigure4.

.—

.

..

Thetest
plateleading
weremadewas

conditionsaresunmarizedintableII. In allcasesthe
edgewasunswept,andthesurfaceonwhichthemeasurements
at zeroangleof attack.

EXi?ERIMENTALRESUIX!S

SurfacePressure

Theratiosofmeasuredsurfacepressureto free-streamstatic
~ressure, I/Pm,areshowninfigure5 as a ~ction ofdistancex from
theleadingedge.Spanwisesurface-pressurevariationswerefoundtobe
lessthan2 percentwithin1/2inchofmidspti.Thepressuresforplates

.

withcylindricalbluntingexethreetofourtimesiargerthsnfree-stresm
pressureneartheleadingedge,anddecreasewithdistancex. It isto
benotedthat,in contrast,thepressuresmeasuredonthesquareleading-
edgeplatearelowneartheshoulder,andincreasewithdistanceX.

. .
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. However,thepressurevariation
distributionofthecylindrical

9

aftof 1-1/2inchescoincideswiththe
nosedplates.Thelowpressureszcredue

to overexpansionatthesqusreleading-edgeandhavebe--observedpre-
. viously(refs.5 and14). Theyresmtresultscorroboratetheresultsof

references5 sad 14 thattheoverexpansiondoesnotaffectthepressure
distributiontitof almuttwoleading-edgethicknesses.Forbotht~es
of leadingedges,thepressuresa~roachfree-stresmvaluesneartherear
ofthebodies.

Flow-FieldSurveys

@act pressuresweremeasuredintheflowfieldforleading-edge
Reynoldsnumbersof I@ and6600. Thesesurveysweremadeto obtednan
estimateoftheboundary-layerthickness,flowqysntitiesslongthe
boundary-layeredge,andtheshock-wavelocation.

In figure6, thevariationof impactpressurewithdistanceabove
theplateis shownfora typicalsurvey.Threedistinctflowregionsare
evidentinthisfigure.Thefirst,nearthesurface,correspondsto the
boundarylayerwheretheimpactpressureincreasesrapidly.A second
regionisobservedto existjustoutsidetheboundarylayerwherethe

. impactpressureisnearlyconstsut.Thethirdregionappearstohe a
regionofpossibleshearflowwheretheimpactpressureincreasescon-
tinuouslywithheightup to theshockwave. Themaximumorpeakimpact

● pressurecorrespondingtotheshockwaveisnotBhowninfigure6. Above
theshockwave,theimpactpressuredropsto thefree-stresmvalue.

Theheightabovetheplateatwhichthepeakimpactpressurewas
measuredwasdefinedas thelocationof theshockwave. In figure7,
thelocationof theshockwaveisplottedversusdistancefromthelead-
ingedge. Blastwavetheory(refs.7 and9)predictstheshock-waveloca-
tionforregionsnottoocloseto theleadingedgeofbluntflatplates
inhypersonicflowtobe:

y+ (d/2) 2/s

()
= (constant):

d
(1)

.

Thisrelation,adjustedto fittheWta f= fromtheCYm~iC~ le~fig
edge,ispresentedinfigure7 as thesolidMe. Thedataagreewell
withthepredictionup towithin3 dismetersfromtheleadingedge.The
constsnt,empiricallydetermined,hasa valueof1.47. Thisconstantas
giveninreference9 is0.89(@1~s. Thevaluecalculatedfromthis
relationforassumed~ of 1.2differsfromtheexperimentally
determinedconstantby a factorof22/S.
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HeatTransfer

In figure8, thelocal‘effective”temperaturerecoveryfactoris
shownplottedas a functionofdistancefromtheleadingedge.The
recoveryfactorsvaryfroma valueofabout0.65attheshoulderto
approximatelyvaluesof0.8and0.86at x/d= 2, andarenearlyconstant
atthesevaluesfortheremainderoftheplatelength.It isbe~eved
thatthelowvaluesattheshoulderareduetothelinearextrapolation
to zeroheat-transferrafeas showninfigure4 andtotheimpliedsur-
faceconditionofuniformlmdytemperature.It isnotedthattherecov-
eryfactorsarehigherforthelowerReynoldsnumberconditions.This
maybe experimentalerrorinevaluatingtherecoverytemperaturebecause
ofthecorrespondinglowvaluesofheat-transfercoefficient.

Themeasuredheat-transfercoefficientsareplottedasa fuuction
of x/d as shownin figure9. Theheat-transfercoefficientsarehigh
neartheleadimgedgeanddecreasewithdistancefromtheleadingedge.
It isalsonotedthattheheat-transfercoefficientsincreasewithincrease
infree-streamReynoldsnumberbasedonleading-edgethickness.

D12XZJSSION

Boundary-LayerThickness

Theedgeoftheboundarylayerwasdeterminedfromthevelocity
distributionsthroughtheboundarylayer.Thevelocitieswerecom~uted
fromthe@act pressuresontheassumptionthatthetotaltemperature
wasconstantthroughtheflowfieldandthestaticpressuregradient
normaltotheplatewasequalto zero.Theedgeoftheboundarylayer
isdefinedasthatdistanceabovetheplatesurfacewherethevelocity
ratiohasapproachedwithin1 percentofthestraight“reference”line
drawnthroughtheexperimentalpointsinregion11,seefigure10.

Theresultentboundary-layerthicknessesarepresentedinfigureIl.
Thetheoreticalpredictionofboundary-laye~thiclmessona flatplate
withzerothicknessleadingedge,reference1, asalteredby introduction
oftheleading-edgethickness,d, isgivenbelow:

(2)

Equation(2)is comparedwithtwosetsofdatainfigureIl.forcylindri-
Cd blunting.It isnotedthattheboundary-layerthicknessforthethin
leading-edgeplateispredictedfairlywellby equation(2),exceptfor
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● theregionneartheleadingedge. Theboundary-layerthicknessmeasured
overthethickleading-edgeplateis somewhatlowerthanpredictedby
thetheory..

SurfacePressureDistribution

References5 ad 6 indicatethata linearcombinationof a viscous
termsndan tiviscidtermmaybe thepro~ertypeof formulationto
describethesurfacepressuredistributionoverbluntflatplatesh
hypersonicflow.ThefollowingMnear combinationofpressuretermsis
proposed:

where aand”~are
withexperiment.

#-=l+a.bY+j3cI (3)
m

empiricalconstantstobe determinedby comparison

Theviscouspressuretemn,by,istheparsmeterpointedoutinref-
erence1 as a resultofthetheoreticalstudyofhypersonicflowovera
flatplatewitha zero thiclmessleadingedge,where,

b=[0::’(3+00’66(’-1)1’
(4a)

(kb)

(4C)

Theinviscidpressureterm,cI,isobtainedfromtheblastwave
analogyto thehypersonicflowoverbluntflat@ates,
sndalsofrcma characteristicdevelopmentoftheflow
brieflyinreference9,where

I . %’

‘()

2/s

2

references7 and8,
fielddescribed

(5a)

Thefactorc intheinviscidpressureterm,as exp~fiedinreferences
8 and9, is proportional.to theenergyreleasedintothetransverseflow
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fieldby thebluntleadingedge.Themoreexactformulationofthis n
factor,reference9, is givenas

c!= cl(c& (m)

Thevalueof c1 intheaboveequationisgivenh reference9 as0.112
forairand0.169forhelium.Thepressuredragcoefficient,~, for
thecylindricalleadingedgeisapproximately1.2(see,e.g.,ref.9).
Fora squareleadingedgethedragcoefficientisfoundtobe ap~roxlmately
1.8ifone-assumes@pactpressureactingoverthecompletefrontface.

A correlationofthesurfacepressureson flat~latesin supersonic
sndhypersonicflowis showninfigure12wheremeasuredpressuresace
comparedwithvaluesobtshedfromthefolloWingformof equation(3):

Ithasbeenfoundby trial.thatvaluesof l/@ for a
resultinthebestcorrelationofthedataofthepresent

(6)

and1/22/=for 3
tests,aswell

asdatafromreferences4, 5,6, 15,and16,seet~ble111. Thssolid 9

linerepresentsa l-to-lcorrespondenceofmeasuredtotheoreticalvalues.
Thedataarenotedtobe withinapproxhate’w20yercentofthesolid
(theoretical)line.Thecalculationhasbe= madefora temperature
recoveryfactorassmedeqyalto 0.86forthedataof references4, 5,
md thepresenttests.Therecoveryfactorfortheheliumdataofrefer-
ence~ wasassumedtobe 0.82. Calculationsfortheconditionsof refer-
ences15smd16weremadeusingtheirmeasuredwalltemperatures.The
wall.temperatureaffectstheparsmeterb ~ Cw oftheviscousterm
inequation(6). Inviewoftheconsiderablerangeofvariablesencom-
passedby thiscorrelation,thesmiempiricalexpressionin equation(6)
isbelievedtohe qtitegeneralinapplicability.

LOCEd MachNumber —

ThelocalMachnmber alongtheboundary-layeredgewasobtainedby
twomethodswhicharecomparedin figure13. Bothmethodsutilizethe
measuredsurfacepressuresandtheassumptionof zeropressuregradient .
nomal t~theplate.Thesetofpointsin figure13 labeled“local
measurements“wasobtainedby useoflocalmeasured.impactpressures.
Thesecondset,labeled‘%educedtotalyressure,”wasobtainedby assum-

.

ingthetotalpressurealongtheboundary-layeredgetobe constantand
equaltothetotalpressurebehindthelea&kg-edgenormalshockwave.
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Tworesultsarenotedfromfigure13. First,althoughtheMachnumber
is seento increaseslowlywithdistsmcefromthenose,itdoesnot
reachfree-stresmMachnwber withinthetestlength.Thesecondand
moreimportantresultistheexcellentagreementbetweentheMachrnmber
distributionsobtainedbythetwodifferentmethods.

ReducedlocalMachnumbershavebeenreportedpreviouslyby Brinich
(ref.17)as obtainedintestsconductedat aMachnmber of 3.1overa
hollowcylinder.Bothsharpsndsquareleadingedgesweretested,and
thelocalMachn-r wasfoundtobe reducedup to a distanceof approx-
imately3000nosethicknessesbackfromtheleadingedge. Also,Crawford
andMcCauleyhavereported(ref.18)reducedlocalMachnmnbersobtained
overa hemispherical-nosedcylinderat free-stresm~ch numberof6.8for
distancesup to 3 nosethicknessesbackalongtheafterbody.

Fromtheresultsofthepresenttestssndthoseof references17
and18,it canbe concludedthatthelocalpropertiesalongthetamdary-
layeredgecanbe obtainedby thereducedtotalpressuremethodforthe
rsmgeofthepresenttestsandforsimilartests
ifa detachednormalshockexistsat theleading

ofotherinvestigations,
edge.

LocalReynoldsNumber

Theassumptionthatthetotalpressurewasreduced’andconstsmt
alongtheboundary-l~eredgewasappliedtothepresentdata,andthe
localReynoldsnumberswerecomputedslongtheboundary-layeredge.In
figure14theratioR@e~ is shownplottedas a functionofdimen-
sionlessdistance,x/d. ThequsntityRex isbasedonlocalquantities
attheedgeoftheboundarylayeraaddistancex. ThequantityRed
isbasedon free-stresmconditionsaheadoftheleading-edgeshockwave
andthedismeteroftheleadingedge.Thedataarelinearontheloga-
rithmicplot. Thebestfitto thedata,determinedbymethodof least
squares,resultedintherelation

Rex O.SJ.
- = 0.41
Red 0$

(7)

Thisempiricalrelationis shownasthesolidlinein figure14. It is
notedthatthelocalReynoldsnumberattheImundary-layeredgeis
decreasedto about40percentofthefree-stresmvalueandthispercent-
agedecreasedoesnotvaryfarchsngesof10 to 1 inleading-edgeReynolds
numbers.ReductioninlocalReynolilsnumberhasalsobeemobtainedby
Brinich(ref.17)h histransitionstudies.
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Inviewofthesuccessfulcorrelationof thepresentdatainterms 1
oflocalReynoldsnumber,themethoddescribedabovewasappliedtothe
resultsofKendall(ref.4),Hsmmitt,Vas,andBogdonoff(ref.5),Bertram
(refs.6 and15),andErickson(ref.16). ~e-resultsarepresentedin *
figure15. Thesolidlinerepresentsa da.tnn.lineorvariationwherethe
localReynoldsnumberperinchiseqwl to free-streamReynoldsnumber
perinch.Itmaybenotedthatinfigure15theeffectsof leading-edge
thicknessandfree-streemReynoldsnumbeqforeachsetofpoints,are
fullyaccountedfor. Alsoinfigure15theReynoldsnumberratiofora
fixedvalueof x/d.d.ecreaseswithincreasingMachnumbersmdseemsto
approacha l.$mitingvalueasMachnumberincreases.Therearetwoother
parameterswhichdiffersmongthesesetsofdata,namely,leading-edge
shapeendtestgas. Intheprevioussectionon surfacepressures,the
shapeoftheleadingedgehasbeenshownnotto affectthesurfacepres-
suredistributionpastan x/d of1 to2. Thuswemayruleoutthe
leading-edgeshapeTarsmeterprovideda detachedshockexists,leaving
Machnmnberandratioof specificheatsaspossibleparametersaffecting
correlationofthesetsofdata.

Theempiricalfitto eachsetofdatain figure15wasfoundby the
methodof leastsquares.Thegeneralrelationshipisrepresentedby the
followingeqyation.

The
for

vsluesof K anda aretabulatedintableIVtogetherwiththose
thepresenttests.

(8)

Theslopeispracticallythesameforallthesetsofdatashown
infigure15. ThusthetestgasendMachnumberdependenceis contained
intheparsmeterK of equation(8). An analysispresentedinAppendixB
suggestsa correlationparameter,nemely,thetotalpressureratioacross
thenormalshockoccurringatfree-streamMachnumber.Thusthevalues
oftheparameterK were
thenormalshockas shown
is correlatedwellby the

plottedversusthetotalpressureratioacross
infigure16. It isnotedthattheparameterK
followingeqyation.

%2() 1/2
K = 1.2 (9)~

Anaveragevalueoftheslope,a,wastakento be 0.91. This average
valueof a andtherelationfor K in equation.(9)whensubstituted
inequation(8)givethebestfit,toallthedatasets.

.

L

.

.
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z=‘*2(W’2(Y” (lo)

Theexcellentcorrelationobtainedby theuseof equation(10)is
showninfigure17. It shouldbe notedthatthedatacorrelatedby use
of eqpation(10)coveran etiremelywiderangeofvariables.Forexam-
ple,thedataincludea Machnumberrsngeoffrom4 to 17.3,leading-edge
thiclmessesof0.W02 to 1.0Inch,andfree-streamReynoliknumbersper
inchfrom2500to106. In addition,thedataincludetestsbothinair
andinhelium Thesuccessof thiscorrelationsuggeststhatinallcases
consideredthetotalpressurealongthe%oundary-la.yeredgeis constant
andequalto thetotalpressurebehindtheleading-edgenormal shock.
Furthertestsarereqyiredtodeterminetheapplicabilityofthecorrela-
tionoverrangesofvariablesbeymd thosecoveredby thedatashown.

HeatTransfer

Theheat-transfer
infigure18wherethe

coefficientsarepresentedindimensionlessform
localNusseltnmber isplottedas a functionof

thelocalReymoldsnmber. Thewell-knownPohlhausensolutionfor”local
heattransferinthelsminarboundarylayerovera flatplateis

mlx= 0.332(Fr)L19& (U)

BecausethePrandtlnwber
tion(Jl)reducesto

ofthepresenttestsisnearly0.72,eqya-

Nux= 0.295& (u?)

Itistobe notedinfigureU thatthissimplePoh2hausensolutionfits
themajorityof thedataquitewell. Thescatterfromthelineof eqya-
tion(12)canbe explainedby theImitationsof thepresentheat-transfer
fnstrmnentation.Theheat-transferelementsyieldinaccurateresults
when h fallstovaluesof around0.5Btu/ft2,hr,‘F. Thetarethen
becomeseqpalor greaterthsathenetheattransferto thestream.

Theeffectofbluntingon theheat-trsmsfercoefficientsovera flat
. platecannowbe examined.Thecorrelationof figure18wasmadeonthe

basisofpropertiesevaluatedat localconditionsat theedgeofthe
boundarylayer.. ofviscosityand.

However,inorderto accountfornonldnesxvsriation
thermalconductivity,thewell-bowm Tr method
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(ref.19)forevaluating
AppendixC,theratioof
plateais

NA(!Am 4142

propertieswasincorporated.As shownin
heat-trsnfifercoefficientsforbluntandsh~

=
!’E!ER

.

(13)

NotethattheratioofReynoldsnmnbersappearingunderthesqureroot
inequation(13)canbe obtaineddirectlyfr~ thepresentcorrelation
asgivenby equation(10).Theprimedquantitiesareevaluatedfromthe
eqpationsofAppendixesB endC andtheknowmpressuredistributionover
thesurfaceofthebluntedplate.Thequantitiesapplyingtothesharp
plateareevaluatedfromfree-streamconditions.

.
Theresultsarenowappliedto a flatplateinflightforthefal-

lowingsetofassumedconditions:

Tw = 420°R

TV = 1000°R

d = 1 in.

.

Thereducedtotalpressureisassumedtopersistovertheentire
surface.ThelocalstaticpressureandlocalMachnumberdistributions
arepresentedinfigures19and20 fortheseconditions.Thepressure
wascalculatedby eq,,tion(3),andthe10CR1Machnumberwascalculated
fromequation(B5).Theratiooftheheat-transfercoefficientsfora
bluntedplatetotheheat-trsxwfercoefficientsfora sharpplatewas
calculat~by equation(13).Thevariationofthiscalculatedratiowith
distancefromtheleadingedgeis showninfigure21.

It isnotedfromfigures19,20,and21thattheeffectofblunting
theleadingedgeisto increasetheheat-trtisfercoefficientsinthe
regionovertheplatesurfacewherehighstaticpressuresexist.How-
ever,asnotedfromfigure21,theeffectofbluntingtheleadingedge
isto reducetheheat-transfercoefficientfarbackontheplate,where
surfacepressureshavea valuenearthatofthefreestresm.lt i$ thus
concludedthatbluntingwithconsequentreductionof totalpressurealong
theboundary-layeredgeincreasestheheat-transfercoefficientnearthe

K

v
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. leadingedgewherethehighstaticpressuresexist,andreducesthe
heat-transfercoefficientfarbackontheplatewherethestaticsurface
pressureapproachesthefree-stresmvalue.

SUMMARYOFRESULTS

Pressuresandheat-trsnsferrates-eremeasuredonbluntflatplates
ata nominalMachnumberof 4 forfree-stresmReynoldsnumbersperinch
of2380and66CXIinair. TheReynoldsnumberbasedon leading-edgethick-
nessrangedfrcnn600to 66oo. Surfacepressuresneartheleadingedge
werefoundtobenearlythreeto fourtimeslargerthsnfree-streamstatic
pressures,andthesehigherpressurespersistedfarbackon theplates.
A linearcombinationoftheviscoushypersonicparsmeterandtheblast
waveinviscidparsmeterwasfoundto correlatepressuredistributions
obtainedinthissndotherinvestigationsforMachnumbersof 4 to17.3,
free-stresmReynoldsnumbersperinchfrom2500to 108,sndleading-edge
thiclmessesfrom0.0002to 1.0inch.

E!.cundary-layerthicknesses,obtainedfor leading-edge Reynoldsnum-
berofI@O and6600, agreedwiththetheoryforflatplateswithzero
thicknessleadingedge.Experimentallydeterminedflowquantitiesalong
theboundary-layeredgeagreedremarkablywe~ withvaluescalculated
withtheassumptionof reducedtotalpressureequalto theleading-edge
stagnationpressure.*

ThelocalReynoldsnumberat theboundary-layeredgewasfoundto
be decreasedtoabout@ percentofthefree-streamvalvebyblunting
ata Machnumberof k. ThedecreaseinlocalReynoldsnumberwasnot
appreciablyaffectedby changesof10 to 1 inleading-edgeReynolds
number.

A generalcorrelationof theratioof localReynoldsnumberto
leading-edgeReynoldsnmber wasobtainedby comparingthepresenttest
resultswiththeresultsof similartestswhichcoveredwiderangesaf
Machnumber,leading-edgethickness,free-streamReynoldsnumber,snd
testgas. Thebasicassumptionunderlyingthiscorrelationisthatthe
tatalpressurealongtheboundary-layeredgedoesnotdifferappreciably
fromstagnationpointpressure.Ifthisconditionisassumedtobe true,
thenthelocalReynoldsnumberslangtheboundary-layeredgeislower
thanfree-stresmReynoMsnumberby a factorwhichisverynearlythe
squarerootofthetotalpressureratiaacrossthenormalshockwaveat
theleadingedge.

●

.

Heat-transferratesweremeasuredforleading-edgeReynoldsnumbers
of2380~d 6600.LacalI?usseltnumberswerecorrelatedby localReynolds
numbersandpredictedby thewell-knownPohlhausensalutionwhereinlocal—
conditionsattheboundary-layeredgeareused.
condition,blunting
coefficientsinthe

of a flat-plate-wasfoundto
regionneartheleadingedge

As comparedt~ thesharp
increasetheheat-transfer
wherehighstatic
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pressuresandreducedtotalpressureexist,andtodecreasetheheat-
transfercoefficientsintheregionfarfromtheleadingedgewhere
reducedstatic=d totalpressuresexist.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,Calif.,Aug.9,1957

.

*.
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DETERMINATION

APPENDIXA

OFTHEIIEAT-TRANSFER

The netheatwasconsideredtobe trsmsferredfrom thetopsurface
ofthecylindricaltestplugto theairstream.Thusthearea; S,used
inthefollowingequationwastheareaof thetopof thetestplug.

~= hS(T-Tv) (Al)

However,thefilmstretchedoverthemodel(seefig.3 insert)doescon-
ductsomeheatawayfromtheplug. Also,thefilmreceivesenergyfrom
thecylindricalsurfaceoftheplugby freemolecularconductionthrough
theannularairspacearoundtheplug. Thisfilmactsmuchas a circular
finindissipatingtheheatfromthetestplug. Thiseffectisto
increasetheareato be usedin calculatingtheheat-transfercoefficient.
Thefollowinganalysisof thefineffectleadsto a formof thecorrection
tothetestarea.

Thedifferentialequation
governingthetemperaturedistri-
butioninthecircularfilmfinu
maybe foundby smmningthequan-
titiesofheattransferredhy the
variousmeansto andfroman
annularelementofthefin(see
sketch(a)).Azimuthalvaria- r~
tionsof thesequantitiesaround
thetestplugwill.be considered ciqo~
negligible.Theassumptionis
madethattemperaturedifferences
aresmall,sothattheradiation
exchangetermsmaybe writtenin t
linearform.Thewidthofthe @f~amnularairspaceisoftheorder
ofa meanfreepathof thegas.
Thus,it isassmedthatthe Sketch(a)
annularelementof.fingainsheat
fromtheplugby freemolecularconductionthroughtheannularairspace.
Thiselementalsotransfersheatto thestreamby convectionthroughthe
flowboundarylayer.A furtherassumptionwillbemadethatthevaria-
tionofheat-transfercoefficientandrecoverytemperatureisnegligible
overtheareaof filmconsidered.Whenthesetermsarecombinedwith
thenomal termsof conductioninthefidmfin,theheatflowbalance
maybe writtenfortheennularelement

d~+d~+d~-d~-dqfi=O
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where

d% heatflowoutof elementby filmconduction

d% heatflowfromelementby

d% heatflowfromelementby

dqi heatflowintoelementby

air-streamconduction

rsiliation

filmconduction

.

--

dqm heatflowto lowerside

Thedifferentialequation

of elementby

isthenfound

freemolecularconduction

tobe:

i$w’$ix+-’(+=o (A2)

Thedifferentialequation(A2)isa formofBessel’sequation.The
solutionmaybewrittenintermsofmodifiedBesselfunctionsof zero
order,firstandsecondkinds,as

--

where

(3NVmKB=&_
tfkf )

+ haaos + h
2di7

(A3)

(A4)

(A5)

and AS and& areconstantsof integrationtobe determinedby the
followingboundaryconditionsat

r =rp, T=TP

r =ws T=Tw= Tp
}

(A@
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Intherangeof interest,themodifiedBesselfunctionsinthe
solution(A3) maybe replacedby theasymptoticexpressions,reference20,
forlargevaluesoftheargument(rfi). Theseexpressionsare

Relations(A7)areintroducedintoequation(A3)5theboundarycondit&s
are

the

The

applled,andtheconstantsof integrationareevaluated.Theradius,
atwhichtheminimumtemperatureoccursisfoundtobe verynearly
averageradiusgivenby

(M)

temperaturedistributioninthecircularfinisthengivenby the
resultingformof equation(A3) as

T;.-

f
5

[

-(r~+(*)e-(2rmfi-rfi’
A= rm

1

(A9)
TP-~ exp(rpfi)+

(-)
exp(2rm&rp@

Theheatremoved
accordingtothe

fromtheplugby thefilnistransferredtothestream
followingrelation

dq = h(T-Tq)dS (Ale)

Thisexpressionisintegratedusingthetemperaturedistributionin
equation(A9) for T, andassuminga constantheat-transfercoefficient.
Theresul.timge~ressionisfound
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Assumingthat the
be transferred at

NACATN 4142

(AsL)
f

ml
Cl=zfi (’l-Tq)rdr

rp

mount ofheatrepresentedin equation(All)wereto
plugtemperaturefromu areagivenby #, wehave

(A@

Thusby equtu theright-handsidesof eqpations(AU) and(A12)we
canexpress‘theheat-transferradiusT as follows:

Inactualcomputationofthecorrection,theemissivityofthefilm
wasassumedtobe thessmeasthatofthechrome-platedplugsurface,
thatis0.1. Theemissivityoftheplugwithfilmwasfoundto check
closelywiththevaluenormallytskenforpolishedchrome.Theconduc-
tivityofthefilmwastskenas0.1Btu/hr,ft2,OF/ft. Thisvaluewas
obtainedfrommanufacturersliterature,andwasnotcheckedexperimen-
tallyduringthesetests.Thefirstapproximationto h, foundby
using rp~ wasusedto determineY. Thecorrectheat-transfer
coefficientisthenfoundusingthis 5? computedfromeqyation(A13).

.

.

.-
.

.

&
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APPENDIXB

IOCALmom mm

Theratioof localto free-stresm Reynoldsnumberisanalyzedfor
thecaseofa bluntflatplatein supersonicflow.Thegeneralassump-
tionismadethatthetotalpressurealongtheboundary-layeredgeis
lowerthanthetotalpressureinthefreestreamaheadofthebowshock
wave. Inaddition,thestaticpressureisassumedconstantthroughthe
boundarylayer.ThelocalMachnumberattheboundary-layeredgeis
specifiedby thelocalstaticandtotalpressures.Thelocalstatic
Temperature can be foundfromthelocalMachnumberandtheknown
stagnationconditions.

ThedefiningexpressionfortheratioofReynoldsnumbersisgivem
below.

Rex—=
Red

Inorderto relate

(Nixs’(w) (Bl)

thevarioustermsinequation(Bl)to theratio
oflocalstaticto totalpressure,thefollo~ equationsareobtatied
fromreference21.

Kc—= ( )1+7-+/”
Tt5 2

(B2)

(B3)

Theviscosityisassumedtovaryas a poweroftheabsolutetemperature

p-(T)” (B4)

Thefollowingratiosareeasilyobtainedfromequations(B2),(B3),
snd(B4).
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(B5)

(1%)

.

.-

.-

(B7)

Theratiosasdeterminedinequations(B5),(B6),smd(B7)areintroduced
intoequation(Bl).Theresultingexpression”is

%2=6$(%7-’[:;2;
wheretheconstant~ isas follows:

E = ($) ‘1+”)

L/2

Iftheassumptionismadethatthelocaltotal
tothatvalueoftotalpressureexistingbehindthe
shock,theratioofReynoldsnum%ersbecomes,

(M)

.

\

k .-l

Thetotalpressureratiotermisa functiononly
numberandgas.
termis constant

As is showninthecorrelations

.>

(B9)

pressureisreduced
leading-edgenormal

—.

(B1O)

forfixedfree-stresmMachnumber.

J .

offree-streamMach .

offigure15,thebraced



. Probablevalues of the exponent ~ maybe calculated. For a tem-
peraturerangefrom300°R to 900°R inair,u isnearlyO.~. Ecom
equation(B9)thevalueof ~ is foundtobe 0.5. Forhelium,u is

. approximately0.63fora temperaturerangeof 1.OOto 100°R, and ~ ,is
fo~d tobe 0.65.

.

.
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APPENDIXC

REFERENCETEWE.RATUREFORFIIJIIlPROPERTIES

Thetemperatureatwhichfluidpropertiesareevaluatedisarbitrary
in empiricalcorrelations.In reference19.anexpressionisobtained
whichgivessm evaluationtemperature,thewell-knownT* temperature.
Theadvantageoftheuseofthe Tt temperatureisthatwhenproperties
areevaluatedinthismenner,thedragandheattransfercanbe expressed
in sucha formastominimizetheirdependenceonMachnumber,wall
temperature,Prandtlnumber,ad pcwerlawexponentforviscositysmd
thermal.conductivity.Theexpressionderivedinreference19ispresented
below.

T1 ()—= 1+0.032 @+0.58 ~-l
T

(cl)

IftheNusseltnumber,
iswrittenIntermsofthe

asgivenby thenormalPohlhausensolution,
T! properties,theformcsabe showntobe,

.

F)(

.
m 0.295G
~ )

(C2)
x

Itmaybenotedfromequation(C2)thatthe Tt methodof obtaining
referencetemperatureJnerelytakesintoaccountthenonlinearityofthe
viscosityandthermalconductivityvariaticmwithtemperature.Thus,
ifan experimentis conductedovera rangeoftemperatureswherethe
viscosityandconductivityvarylinearlywithtemperature,results
obtatiedforheat-transfercorrelationwill.be unalteredby the T;
methodofdatareduction.

Forthecaseofbluntleadingedges,thepropertiesareevaluated
at localconditions,the T1 methodisappliedtothelocaltemperatures,
andequation(C2)becomes:

(C3)

Forthecaseofthesham leadingedge,theLocalpropertiesare
normallyconsideredasbasedonfree-stresmconditionsaheadofalldis.
turbances,andthe T! methodisappliedasfollows:

.

.

.



.

Thefoll.owing
ecymtions(C3) and

‘s’‘(?SJ$).r“’’’.=)
ratioof
(C4).

heat-tre.asfercoefficientis

(C4)

obtainedfrom

(C5)

.

.
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TABLRI.-STREAMCONDITIONS

—

TABLEII. - Stl’MMMIYOF=ENT TESTCONDI’l?IONS

Modelleadingedge Testcoqditfons
Typeoftest Thickness, F@’ures showing

h. Shape % Rem/in. data

Surfacepressure 1/4 Cylindrical3*95 6600 5,12,14,15,17
1/2
1 I

Sqyare 1 J
lj4 Cylindrical3.87 2380
1/2
1 J

Square
~ /

\
Localflowfield 1;4 Cylindrical3.95 600 7,11,13

1

J 1

$ + 6,7,10,11,13
Keat-tmnsferand 3.95 gyo 8,9,~
recoveryfactor 3.87

*
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TAEGE HI. - l?ESTCONDITIONSOF WEER INVESTIGATIONS

I Investigation I R~

Kendall(ref.h) JJ?toy

[
Bertmm ref.6) 37wtol$co
Berb?alllref.15) 38to%
mllmlit~andl!ogaonoff(ref.3) 3480to6100
Hmmitt,Vas,andl?ogdonoff(ref.5)15,000%038,0cK
Eri.ckeon(ref.16) 6Y3end685

7

% Gafi Leading edge

5.8 Air sham
;,~6 Air square

M?
u:8 Helium Square
K.7 Helium Square

16and17.3Helium Sllm?p

TABLE IV.-REYKLDS NUMBERCORRECTIONPARMKEIRS

Inve6tigatml

Presenttest6
Kadall (ref.4)

[
mrtrem ref.6)
Eertremref’.15)
Hemmittand~gdonof~(ref.3)
Heamitt,Va6,andl?@lonolY(ref.5)

[
~ri~on ref.16)
Ericksonref.16)

3.95

?;6
9.6
si.8
:.7

17.31
1.4 0.415
1.4 .223
1.4 .152
1.4 .1.1.7
1.67 .u?9
1.67 .132
‘1.67.096
1.67 .0761

0.91
.93
●93
.87
.89
.88
.W
.93

*

u.!
I--J
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Figure1.-Generalarrangementof wind-tunneltesteection. w
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Figure2.-VsxiationofMachnumberwithdistancefromcenterof stresm
forReynoldsnumberperinchof6600at&xi&ldistsnceof 1.25inches
from exitplemeof nozzle.
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Figure4.-Variationofheat-transferratewithdifferencebetweensur-
‘facetemperatureandstreamstagnationtemperatureforfree-stream
conditionsof & = 3.95andRed = 660ti -
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Figure5,-Variationof theratioof surfacepressureto free-stream
pressurewithdistancefromtheleadingedge.
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